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(57) ABSTRACT

In a method for producing a I-11I-VI compound semiconduc-
tor layer, a substrate 1s provided with a coating which has a
metallic precursor layer. The coating 1s kept, for the duration
ol a process time, at temperatures of at least 350 degrees C.
and the metallic precursor layer, in the presence of a chalco-
gen at an ambient pressure of between 500 mbar and 1500
mbar, 1s converted into a compound semiconductor layer. The
coating 1s kept at temperatures for the duration of an activa-
tion time which attain at least an activation barrier tempera-
ture, whereby as the activation barrier temperature a value of
at least 600° C. 1s selected.

12 Claims, 6 Drawing Sheets
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METHOD AND DEVICE FOR PRODUCING A
COMPOUND SEMICONDUCTOR LAYER

BACKGROUND OF THE INVENTION

Field of the Invention

The present invention concerns a method for producing a
compound semiconductor layer together with a device for
carrying out the method.

Environmentally-friendly and inexpensive energy genera-
tion 1s a central problem nowadays. One approach to a solu-
tion for this problem 1s that of collecting photovoltaic current
from sunlight by means of solar cells, or solar modules. The
greater the conversion efficiency of the solar modules and the
lower their costs of manufacture, the lower the cost of gener-
ating the current. Against this background, so-called thin-
layer solar modules are a promising approach to a solution,
since these can be produced at little cost 1n terms of material
and energy and also enable a good conversion efficiency, 1.e.
high grades of efficiency. In particular, thin-layer solar mod-
ules based on I-III-VI-compound semiconductors have
proven their value. These include, for example, compound
semiconductors consisting of copper-indium-selenide (CIS)
or copper-indium-gallium-selenide (CIGS).

Compound semiconductor layers can be manufactured in
various ways, for example by co-evaporation of the elements
involved. Another manufacturing option ivolves so-called
deposition-reaction-processes, in which, firstly, a metallic
precursor layer 1s deposited and this 1s subsequently con-
verted with a chalcogen into the respective compound semi-
conductor. One embodiment of such a deposition-reaction-
process, 1n which the metallic precursor layer 1s thermally
converted in a simple and rapid continuous process mnto the
compound semiconductor layer, 1s described in patent docu-
ment WO 2009/033674 A2.

In thin-layer solar cells, or thin-layer solar cell modules,
elficiency 1s influenced, inter alfa, by the homogeneity of the
compound semiconductor layer used. It has emerged in depo-
sition-reaction-processes that elements of the compound
semiconductor, for example gallium, can spread out inhomo-
geneously over the thickness of the compound semiconductor
layer. This 1s especially the case when process times are short
for technical production reasons. Said gallium bulds up, for
example, preferably on a back contact, which 1s usually
applied onto a substrate 1n the form of a metallic layer, before
the metallic precursor layer 1s deposited onto this back con-
tact and this 1s converted into a compound semiconductor. As
a result of this build-up on the back contact, the gallium 1s
spread inhomogeneously over the thickness of the compound
semiconductor layer. FIG. 1 illustrates this type of inhomo-
geneous distribution using the example of a CIGS compound
semiconductor layer. The depth shown therein has its neutral
point on the upper side of the compound semiconductor layer
and 1ncreases 1n 1ts value towards the back contact arranged
on the substrate, which 1n the 1llustration 1n FIG. 1 would be
arranged on the right edge of the image. FI1G. 1 thus 1llustrates
a build-up of the gallium in the compound semiconductor
layer on the back contact. This can lead to a reduced open
circuit voltage and hence to a reduced elliciency of the solar
cell or the solar module produced from this compound semi-
conductor layer.

Against this background, the mvention i1s based on the
problem of providing a method by means of which a I-111-V1I-
compound semiconductor layer can be produced economi-
cally and with a more homogeneous distribution of the ele-
ments mvolved.
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2

The invention 1s also based on the problem of providing a
device for carrying out the method.

Advantageous refinements are the subject matter of the
respective dependant sub-claims.

The method according to the invention makes provision
that a substrate 1s provided with a coating which has a metallic

.

precursor layer. The coating 1s then kept for the duration of a
process time at temperatures of at least 350° C. and the
metallic precursor layer 1s converted, in the presence of a
chalcogen and at an ambient pressure of between 500 mbar
and 1500 mbar, into the compound semiconductor layer. The
coating 1s also kept for the duration of an activation time at
temperatures which attain at least an activation barrier tem-
perature. A value of at least 600° C. 1s then selected as acti-
vation barrier temperature. It 1s especially preferable for the
metallic precursor layer to be converted into the compound
semiconductor layer at an ambient pressure of between 8350

mbar and 1150 mbar.

The term I-11I-VI-compound semiconductor layer 1s to be
understood to mean a layer of a compound semiconductor
which 1s formed from elements from Group IB of the periodic
table of the elements, for example copper, from elements of
Group 1IIA of the periodic table of the elements, for example
aluminium, galllum or indium, and at least one chalcogen
from Group VIA of the periodic table, for example sulphur,
selentum or tellurium.

In an especially preferred embodiment of the invention, the
metallic precursor layer 1s converted into a CIS- or CIGS
compound semiconductor layer.

The fact that the coating 1s kept at temperatures of at least
350° C. 1s not to be understood to mean that the coating 1s
heated to a defined temperature and kept at this defined tem-
perature throughout the entire process time. Instead, the
invention makes provision that during the process time, the
coating 1s at any temperature greater than or equal to 350° C.
The temperature of the coating can vary during the process
time, but during the process time it 1s always at least 350° C.

The keeping of the coating at temperatures which reach at
least an activation barrier temperature 1s to be understood 1n
the same way. The coating can thus take on any temperatures
during the activation time which are greater than or equal to
the activation barrier temperature. The temperature of the
coating can vary during the activation time, but it 1s always
equal to at least the activation barrier temperature.

A coating 1n the sense of the present invention can consist
solely of a metallic precursor layer, for example a layer con-
taining the metals copper, galllum and indium, or contain
turther components, for example a chalcogen layer, which 1s
deposited onto the metallic precursor layer. The term of the
coating thus encompasses, 1n the present invention, all layers
arranged on the substrate and the metallic back contact layer
which may be provided there. The coating consists, after
partial conversion of the metallic precursor layer, for
example, partly of a compound semiconductor. The com-
pound semiconductor layer which 1s present following com-
plete conversion thus likewise represents a coating in the
present sense.

As already mentioned, a chalcogen, 1n particular selenium,
can be deposited as part of the coating onto the metallic
precursor layer, 1n particular by means of a physical deposi-
tion from the vapour phase at atmospheric pressure. This
chalcogen serves, during the process time, as chalcogen
source for the conversion of the metallic precursor layer into
the compound semiconductor layer. In addition or as an alter-
native to this chalcogen coating, a chalcogen-containing gas
can be fed 1in during the process time of the coating, for
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example a carrier gas containing chalcogen vapour. An 1nert
gas such as nitrogen or a noble gas can be used as carrier gas
in this instance.

The process time can 1n principle be interrupted by phases
in which the temperature of the coating 1s lower than 350° C.
In such a case, the process time 1s composed of the sum of
those times 1n which the temperature of the coating 1s greater
than or equal to 350° C.

Advantageously, the substrate 1s provided with a back con-
tact. For example, a metal layer as back contact can be pro-
vided on a glass substrate, 1in particular a molybdenum layer.
The back contact 1s preferably divided into several strips by
means of structuring, as a result of which a series connection
of various solar cell elements of the completed solar module
can be realised. Said molybdenum coating does not represent
a component of the metallic precursor layer or of the coating
in the sense of the present mvention.

In principle, any substrates can be used 1n the method
according to the invention which are not adversely affected,
while the method 1s being carried out, by the effect of heat or
chemical reactions. Apart from glass substrates, for example,
strips of metal can thus also be used.

The metallic precursor layer can for example contain cop-
per, indium and gallium and be applied using technologies of
prior art, for example by means of sputtering. The metallic
precursor layer can then in principle consist of several metal-
lic layers, for example firstly a layer containing copper and
gallium can be provided and a layer of indium can be applied
onto this. The metallic precursor layer can also be built up
from several sub-layers of the same type, for example several
layers containing copper and galllum. Repeating sequences
of layers can also be provided.

Using the method according to the mnvention, 1t 1s possible
to produce compound semiconductor layers in which the
clements mvolved are distributed more homogeneously over
the thickness of the compound semiconductor layer. This 1s
illustrated by way of example in FI1G. 2, 1n which, correspond-
ing to the image 1n FI1G. 1, the gallium-depth distribution 1s
shown 1 a CIGS compound semiconductor layer produced
using the method according to the invention. A comparison of
FIGS. 1 and 2 shows a clearly more homogeneous depth
distribution of the galllum i the CIGS compound semicon-
ductor layer from FIG. 2. It would therefore be possible to
produce solar modules with significantly improved efficiency
from this compound semiconductor layer from FIG. 2.

The selection of a suitable activation barrier temperature
depends on various parameters. So, for example, with greater
availability of chalcogen during the process time, even from
an activation barrier temperature of 600° C., a comparatively
homogeneous gallium distribution mm a CIGS compound
semiconductor layer can be realised. In practice an activation
barrier temperature of 640° C. has proven 1ts value, and this
should preferably be used.

In one advantageous variant embodiment of the invention,
the coating, at least during the process time, 1s arranged 1n a
protective gas atmosphere. Preferably, the coating 1s already
arranged 1n the protective gas atmosphere during a heating
phase preceding the process time and this situation 1s main-
tained until the coating cools to a non-critical temperature.
The arrangement of the coating in a protective gas atmo-
sphere serves, 1nter alia, to guarantee the least possible oxy-
gen partial pressure during a thermal treatment of the coating,
in particular during 1ts conversion nto a compound semicon-
ductor layer, since the availability of oxygen could trigger
undesirable chemical reactions. This applies in the same way
for hydrogen, when selentum 1s used. An atmosphere con-
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4

taining, for example, nitrogen or at least one noble gas can be
provided as protective gas atmosphere.

In one preferred variant embodiment of the method accord-
ing to the mvention, before heating the coating to 350° C., a
layer containing at least one chalcogen, preferably sulphur or
selentum, 1s deposited onto the metallic precursor layer. The
deposition 1s advantageously realised by means of a physical
deposition from the vapour phase at atmospheric pressure
(APPVD). It 1s especially preferable for the chalcogen depo-
sition to take place 1n a continuous process.

In one advantageous variant embodiment of the invention,
the activation time 1s selected to be shorter than 500 s, pret-
erably shorter than 250 s.

In one preferred variant embodiment of the method accord-
ing to the mvention, the process time 1s selected to be shorter
than 1200 s, preferably shorter than 600 s and especially
preferably between 1350 s and 500 s.

One variant embodiment of the method according to the
invention makes provision that the coating 1s heated to higher
temperatures in several steps and then cooled. Preferably, this
takes place 1n a segmented continuous furnace, 1n the various
segments ol which the coating 1s brought to various tempera-
tures. 120 seconds has proven its value as dwell time 1n each
segment. The heating of the coating can, however, in principle
also take place 1n a conventional furnace. This can, however,
be disadvantageous for industrial production, since this can
only be used for batch operation.

In one variant embodiment of the invention, the substrate,
i there 1s one, together with the back contact metallisation
arranged thereon, 1s heated 1n the same way as the coating
arranged on the substrate. This means there are neither heat-
ing nor cooling installations present which selectively heat or
cool the coating more intensely than the substrate, nor are
corresponding heating or cooling installations provided for
the substrate, which heat or cool the substrate more intensely
than the coating. A cooling installation 1n this sense should
also be understood as a large, thermally inert mass, which,
due to thermal coupling, manages to significantly delay the
heating of the substrate or the coating by comparison with the
other part. In this variant embodiment of the invention, sub-
strate and coating are thus essentially at the same tempera-
ture.

One alternative variant embodiment of the method accord-
ing to the invention makes provision, on the other hand, that
the coating, at least during a boost period, 1s kept at higher
temperatures than the substrate. This keeping at higher tem-
peratures 1s to be understood, in this case, to mean that no
defined temperature value 1s maintained during all or part of
the boost period. Rather, the temperatures of coating and
substrate can vary during the boost period. But at all times
during the boost period, the temperature of the coating is
always higher than the temperature of the substrate. Prefer-
ably a temperature difference between coating and substrate
of at least 30° C., especially preferably of at least 60° C., 1s
provided.

Because the coating 1s kept at higher temperatures than the
substrate, the thermal load on the substrate can be reduced.
This extends the range of usable substrate materials.

Advantageously, the coating 1s kept at a higher temperature
than the substrate, at least during the activation time, in order
to minimise the thermal load on the latter.

It has been shown that advantageous results can be
achieved even with boost periods of 15 s or less.

One refinement of the method according to the mvention
makes provision that, during the boost period, the tempera-
ture of the substrate 1s kept at values which are sate for the
substrate, preferably using tloat glass as substrate and keep-
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ing 1ts temperature to a value of less than 580° C. The word
keeping 1n this case 1s to be understood to mean that the
substrate temperature can also vary in principle, but always
has values which are safe for the substrate, so 1n the case of
float glass always lies under 380° C. In this case, a sale
temperature value 1s to be understood as a temperature at
which no adverse modification of the substrate occurs, such
as for example permanent modifications 1n a glass structure as
a result of significantly exceeding the fusion point, too great

a thermal deformation or impairments due to chemical reac-
tions.

In one variant embodiment of the method according to the
invention, i order to heat the coating more intensely than the
substrate, at least one lamp 1s used for illuminating the coat-
ing. It1s preferable to use halogen or xenon lamps for this. The
wavelength range of the electromagnetic radiation emitted by
the lamps 1s advantageously adapted to the absorption behav-
iour of the respective coating. In practice, lamps have proven
useful which emit electromagnetic radiation with wave-
lengths mainly in the range of between 400 and 1200 nm.

In one advantageous variant embodiment, the substrate 1s
reversed under the electromagnetic radiation emitted by the
lamps, 1n order to achieve more intense heating of the coating
which 1s as homogeneous as possible. This can, for example,
be realised by an oscillation movement of the substrates. ITthe
coating, as described above, 1s heated 1n a segmented con-
tinuous furnace, one refinement makes provision that the
coating 1s 1lluminated with lamps while the substrate 1s being
transported from one segment to the next of the continuous
furnace.

One advantageous variant embodiment of the method
according to the mvention makes provision that during the
process time, the substrate 1s arranged on a thermally inert
carrier, preferably a graphite plate. Due to the thermal 1nertia
of the carrier, when there 1s sufficient thermal conduction
between substrate and carrier, the coating can be heated,
while the temperature of the substrate, due to the thermal
coupling with the carrier and the thermal inertia thereof,
follows the temperature of the coating with a delay. If the
method 1s carried out sufliciently quickly, the coating can be
brought to a comparatively high temperature, while the sub-
strate reaches only lower temperatures. Before the substrate
can reach the higher temperature of the coating, the method
and hence the heating process 1s already completed.

The device according to the mvention for carrying out the
method has a furnace chamber and at least one heating 1nstal-
lation for heating the furnace chamber. There 1s also at least
one additional heating installation provided for the selective
heating of at least part of a system brought into the furnace
chamber. Said system consists of a substrate and a coating
arranged thereon. The word coating 1s to be understood here
in the way explained above. A metal layer provided as back
contact 1s to be assigned to the substrate.

The term selective heating 1s to be understood as meaning,
that the additional heating installation essentially heats the at
least one part of the system, the furnace chamber and the
atmosphere prevailing therein, however, only being slightly
or indirectly heated by heat dissipation or heat abstraction
from the heated at least part of the system.

The device according to the invention enables a compara-
tively rapid and energy-eificient heating of the coating to the
activation barrier temperature of at least 600° C.

In one variant embodiment of the device according to the
invention, at least one cooling installation 1s provided, by
means of which at least one part of the furnace chamber can
be cooled.
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According to a refinement of the device according to the
invention, the at least one additional heating installation 1s
arranged so as to heat the coating of the system selectively. In
this case, such selective heating of the coating 1s to be under-
stood as meaning that the at least one additional heating
installation essentially heats the coating, while the furnace
chamber and the atmosphere prevailing therein and the sub-
strate, are, however, only slightly or indirectly heated by heat
dissipation or heat abstraction from the heated coating. In this
way the substrate can be kept at a lower temperature than the
coating. In particular, the substrate temperature, as described
above, can be kept at values which are safe for the substrate.

Preferably, the at least one additional heating installation 1s
laid out 1n such a way that 1t can be used to bring the substrate
and the coating to temperatures which differ by atleast 30° C.,
especially preferably by at least 60° C.

In one preferred variant embodiment, at least one addi-
tional heating 1nstallation 1s formed by at least one lamp. The
word lamp means 1n principle any source of electromagnetic
radiation which emits electromagnetic radiation suitable for
heating the coating present 1n the respective application, or, in
this case, the at least one part of the system consisting of
coating and substrate. Lamps emitting radiation chiefly in the
wavelength range of between 400 nm and 1200 nm have
proven useiul for the compound semiconductor layers
described above and their metallic precursor layers and also
for chalcogens. For example, halogen or xenon lamps can be
used.

In one variant embodiment of the device according to the
invention, the furnace chamber 1s made from graphite. The at
least one heating installation, for example consisting of an
clectrical resistance heater, and an optional cooling installa-
tion, for example consisting of a water cooler, are preferably
embedded 1n the graphite walls. The at least one lamp 1s
advantageously arranged in recesses 1n the graphite walls.

One refinement makes provision that the at least one lamp
1s arranged 1n a holder which 1s transparent for the radiation
emitted by the lamp. This prevents any contamination of the
furnace chamber 1n case the lamp 1s destroyed. Servicing
works can also be carried out with ease. The holder need not
necessarily be transparent for all radiation emitted. In prin-
ciple, transparency in one wavelength range 1s adequate,
which enables the desired selective heating 1n the respective
application. Preferably the transparent holder 1s designed as a
quartz tube.

In practice, twin tube emitters have proven useful as lamps,
since these have greater mechanical stability.

In one advantageous variant embodiment, the at least one
lamp 1s arranged behind a pane which homogenises the radia-
tion emitted by the at least one lamp. For example, a glass
ceramic pane or a quartz glass pane can be provided.

One continuation of the mvention provides for an exhaust
gas channel for extracting chalcogens not used 1n the conver-

s1on 1nto the compound semiconductor layer out of the fur-
nace chamber.

In one preferred variant embodiment of the device accord-
ing to the mvention, this 1s designed as a continuous furnace
and the furnace chamber i1s divided into several segments.
Different temperatures can be developed in the various seg-
ments. This 1s done by means of the at least one heating
installation and, 11 there 1s one, the at least one cooling 1nstal-
lation. A transport device 1s advantageously provided to trans-
port the substrates from one segment to the next, for example
a push rod, which has proven useful, in particular when the
substrates have identical dwell times 1n all the segments. In
this embodiment, an additional heating installation can be
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provided, for example within one segment, or additional heat-
ing installations can be arranged 1n several segments.

Preferably, the several segments are thermally 1nsulated
from each other, so that significant temperature differentials
can be realised between adjacent segments. Additionally, the
individual segments can each be thermally insulated against
the environment of the device.

Advantageously, a protective gas atmosphere can be devel-
oped 1n the furnace chamber. Gas inlet and outlet lines of prior
art can be provided accordingly. In the case of a continuous
furnace, gas locks are to be arranged at loading and discharge
openings, for example gas curtains of prior art. This allows
the substrates to be arranged 1n a protective gas atmosphere.

In one variant embodiment of the device according to the
invention, at least one additional heating installation 1is
arranged between two consecutive segments of the continu-
ous furnace. In this way the at least one part of the system, 1n
particular the coating, can be heated during transport of the
substrate from one segment to the next. As a result, 1n par-
ticular, any interterence with the temperature in the segments
by the at least one additional heating installation can be mini-
mised.

One advantageous variant embodiment of the device
according to the imvention makes provision that the furnace
chamber 1s encased by a housing and a space 1s formed
between furnace chamber and housing, which has at least one
flushing gas inlet and at least one extraction channel. The
space formed can be flooded with a flushing gas and this can
be suctioned out.

This can reduce the extent of penetration of gases from the
environment into the furnace chamber and any escape of
process gases from the furnace chamber into the environ-
ment. The protective gas atmosphere 1n the furnace chamber
can thus be improved. The housing 1s 1n this case preferably
designed as a stainless steel housing.

In principle, 1t 1s not necessary for the tlushing gas intro-
duced into the space to be extracted via the extraction chan-
nel. Instead, a suiliciently large influx of flushing gas can be
provided so that the extraction channel simultaneously acts as
a flushing gas outlet.

One refinement of the device according to the invention
makes provision that at least one sensor from the group con-
s1sting of an oxygen sensor and a hydrogen selemide sensor 1s
arranged 1n the space formed between furnace chamber and
housing.

In one advantageous variant embodiment the housing 1s
designed to be coolable, so that heat given off by the furnace
chamber can be abstracted.

One refinement of the device according to the mvention
makes provision for a reversing device. This 1s arranged so as
to reverse substrates while they are being heated by the at least
one additional heating installation. The substrates are thereby
moved around 1n the area of influence of the additional heat-
ing installation, 1 order to compensate, at least 1n part, for
inhomogeneities, which in the case of a lamp are radiation
inhomogeneities. Preferably the reversing device 1s designed
as an oscillation device, so that the substrates can be displaced
in oscillating movements.

The mvention will next be explained 1n more detail with the
aid of the figures. So far as useful, the elements with the same
action are provided with the same reference numbers. The

figures show:

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING

FIG. 1 gallium-depth distribution in a CIGS compound
semiconductor layer produced according to the state of the
art.
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FIG. 2 galllum-depth distribution 1n a CIGS compound
semiconductor layer which was produced by a method

according to the invention.

FIG. 3 basic diagram of a first embodiment of the method
according to the invention.

FIG. 4 schematic view of an embodiment of the device
according to the invention and illustration of a further
embodiment of the method according to the invention.

FIG. 5 time-temperature profile of a substrate 1n a further
embodiment of the method according to the invention 1n
which the substrate 1s heated in the same way as the coating
arranged thereon.

FIG. 6 snapshot in schematic view of a coating arranged on
a substrate, which has already run through part of the process
time, but has not yet been heated to the activation barrier
temperature or beyond.

FIG. 7 result of an X-ray diffraction measurement accord-
ing to Bragg-Brentano on the layer structure shown in FI1G. 6.

FIG. 8 results from measurements conducted at various
temperatures during the heating of the coating of the angular-
dependent intensity of the diffracted X-radiation.

FIG. 9 basic diagram of the time-temperature profile of the
coating during the application of a further embodiment of the
method according to the invention, 1n which the coating 1s
heated during a boost period to a higher temperature than the
substrate.

FIG. 10 schematic view ol the arrangement of the substrate
on a thermally 1nert carrier according to one variant embodi-
ment of the method according to the mvention.

DESCRIPTION OF THE INVENTION

As already explained above, FI1G. 1 shows a gallium-depth
distribution 1n a CIGS compound semiconductor layer pro-
duced using a method according to the state of the art. This
has been produced with a deposition-reaction process at a
maximum temperature of the coating of 520° C. A solar cell
produced from this compound semiconductor layer has an
elficiency of 8.3% and a open circuit voltage of 460 mV.

In contrast hereto, FIG. 2 shows a gallium-depth distribu-
tion 1n a CIGS compound semiconductor layer produced
using the method according to the invention under a maxi-
mum temperature of 640° C. The more homogeneous distri-
bution of the gallium 1s clearly visible. The solar cell pro-
duced from the manufactured compound semiconductor
layer shows, at 13.6%, a significantly higher efficiency. As
expected, there also arises a higher open circuit voltage, in the
amount of 600 mV.

FIG. 3 shows a basic diagram of a first embodiment of the
method according to the invention. According to this, firstly a
metallic precursor layer 1s sputtered onto a substrate 80. In
this case, for example, firstly copper and galllum can be
sputtered on together and, 1n a further deposition process,
indium can be sputtered on. A multiple application of a
sequence of layers of this or another type 1s possible 1n prin-
ciple. The substrate used 1s also provided with a metallic back
contact coating, on which the layers which are sputtered on
come to lie. Here, for example, a molybdenum layer can be
used as metallic back contact layer. As described above, this
back contact layer 1s advantageously already structured.

Subsequently, selenium 1s vapour-deposited at atmo-
spheric pressure onto the metallic precursor layer and thus 1s
pre-capitated thereon 82. This 1s followed by a heating phase.
Also, the coating mitially formed from metallic precursor
layer and deposited selemium layer 1s kept at temperatures of
over 350° C. 84 and at the same time the metallic precursor
layer 1s converted, using selenium from the deposited 82
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selentum layer, into a CIGS compound semiconductor layer
84. While the coating 1s kept at a temperature of over 350° C.
84, 1.e. during the process time, the coating 1s heated to an
activation barrier temperature of 640° C. and kept for an
activation time at the activation barrier temperature of 640° C.
86. In other variant embodiments, the temperature of the
coating may exceed the activation barrier temperature during
the activation time.

FIG. 4 shows an embodiment of a device according to the
invention, which for example can be used to carry out the
method according to the invention in accordance with FIG. 3.
The device 1s designed as a continuous furnace 24 and has a
furnace chamber 1, the walls of which are made of graphite or
are clad with graphite. The furnace chamber 1 1s furthermore
divided 1nto several segments S1, S2, S3, S4, S5, S6. In each
of these segments S1, S2, S3, S4, S5, S6, by means of the
heating 1nstallations 8 arranged 1n segments S1 to S4 and the
cooling installations 9 arranged 1in segments S5 and S6, a
coating passing through the furnace chamber 1 can be
brought to a predetermined temperature. The heating 8 and
cooling installations 9 are preferably embedded in the graph-
ite walls of the furnace chamber 1. The segments S1, S2, S3,
S4, S5, S6 are thermally insulated from each other and also
cach 1s designed to be thermally 1nsulated from the environ-
ment. For the sake of greater clarity, the associated means of
insulation are not shown 1n FIG. 4. Due to the thermal 1nsu-
lation described, significantly different temperatures can be
realised 1n the various segments S1, S2, S3, S4, S5, S6 and
energy expenditure can be reduced.

In segment S1, a loading opening 2 1s provided via which
substrates can be introduced into the furnace chamber 1.
Accordingly, segment S6 has a discharge opeming 3, via
which the substrates can be guided out of the furnace chamber
1. A protective gas atmosphere can be developed 1n the fur-
nace chamber 1. To this end, and to prevent any penetration of
damaging gases, for example gases containing oxygen or
hydrogen, into the furnace chamber 1, gas curtains 4, 5 are
arranged at the loading opening 2 and at the discharge open-
ing 3. Furthermore, FIG. 4 shows an exhaust gas channel 12
for the extradtion of selenium or other chalcogens not used 1n
the conversion into the compound semiconductor layer out of
the furnace chamber 1.

Inside the furnace chamber, a transport device 7 1s
arranged, by means of which substrates 6 can be transported
through the furnace chamber 1. A push rod may be provided
as such a transport device 7, for example.

In order to further improve the protective gas atmosphere in
the furnace chamber 1, this 1s provided with a housing 13,
which in the present case 1s designed as a stainless steel
housing 13. Corresponding to the loading opening 2 and
discharge opening 3 of the furnace chamber 1, this housing
has a loading opening 14 and a discharge opeming 15. The
stainless steel housing 13 1s also provided with a flushing gas
inlet 17 and with an extraction channel 16. A space 23 formed
between the furnace chamber 1 and the stainless steel housing,
13 can be flushed with a protective gas, for example nitrogen,
via this flushing gas inlet 17 and the extraction channel 16. An
oxygen sensor 25a and a hydrogen selenide sensor 255 are
arranged in the space 23. This allows any penetration of
oxygen or hydrogen into the space 23 to be detected.

FIG. 4 further illustrates an embodiment of a method
according to the invention. In this one, first of all a substrate
6 provided with a molybdenum backside contact, on which a
metallic precursor layer 18 1s applied, for example by means
of sputtering 80, and which has also been provided with a
selentum layer 19, for example with an APPVD-deposition, 1s
introduced into the furnace chamber 1 via the loading open-

10

15

20

25

30

35

40

45

50

55

60

65

10

ing 2. Once 1n segment S1, where the oxygen partial pressure
1s low because of the protective gas atmosphere, 1t 1s heated to
about 150° C. Following a further transport into segment S2,
it 1s heated to about 550° C., so that at least a partial conver-
s10n of the metallic precursor layer 18 with selenium from the
selentum layer 19 into a CIGS compound semiconductor
layer 20 takes place. Once the coating 18, 19, mitially formed
from metallic precursor layer 18 and selenium layer 19,
attains a temperature of 350° C., the duration of the process
time commences, as the further heating, beyond 350° C. to
550° C., represents a part of keeping the coating 18, 19 at
temperatures of at least 350° C.

Next, the substrate 1s introduced into segment S3, 1n which
the substrate and hence also the coating 1s heated to 650° C.
and thus beyond an activation barrier temperature of 640° C.
used for this embodiment. The activation time begins on
reaching the activation barrier temperature. Next, in segment
S3, the coating temperature of 650° C. 1s maintained, until the
substrate 1s transported further, into segment S4. There a
cooling of the substrate takes place, and also of the coating
formed by the CIGS compound semiconductor layer, ulti-
mately to about 600° C. Once the temperature falls below the
activation barrier temperature of 640° C., the activation time
ends. Unconverted selentum 1s passed out of segment S4 via
the exhaust gas channel 12 out of the furnace chamber 1.

In the adjacent segments S5 and S6, the substrate together
with its coating are cooled down with the aid of the cooling
installations 9, firstly to about 450° C. and then 300° C.,
before 1t 1s ejected from the continuous furnace 24 via the
discharge openings 3 and 15.

In the embodiment described, 1t has proven useful to leave
the substrate 1n each segment for about 120 seconds. Further-
more, a process time of about 480 seconds has proven useful,
during which the substrate and thus also the coating formed
from the metallic precursor layer 18 and the selenium layer 19
and/or the CIGS compound semiconductor layer 20 1s kept at
temperatures of at least 350° C. As activation time, at which
substrate 6 and coating 18, 19, 20 are kept at temperatures
greater than or equal to the activation barrier temperature of
640° C., a value of 120 seconds has proven usetul.

Lamps 10 arranged in the furnace chamber 1 and 1n seg-
ment S3 therein for irradiating the coating of the substrate 6
are not used in the embodiment of the method according to the
invention just described. So the substrate as well as the coat-
ing are heated 1n the same way, with the result that they have
roughly the same temperature.

In another variant embodiment of the method according to
the mvention, 1n which the coating 1s kept at higher tempera-
tures than the substrate during a boost period, however, the
lamps 10 provided can be put to use for this purpose. These
lamps 10 are preferably arranged 1n recesses 1n the wall of the
furnace chamber 1 and each encased by a quartz cladding
glass 10, which, 1n the event of a lamp 10 exploding, enables
this to be changed quickly and easily and prevents contami-
nation of the furnace chamber 1. In order to achieve the most
homogeneous possible irradiation of the coating 18, 19, 20 by
means of the lamps 10, a glass ceramic pane 11 1s provided
between these lamps 10 and the substrate 6.

The transport device 7 also has a reversing device 7a,
which 1n this case 1s designed as an oscillation device 7a and
by means of which, 1n segment S3, the substrate 6 can be
oscillated under the glass ceramic pane 11, 1n order to enable
a homogeneous 1rradiation of the coating 20 with the electro-
magnetic radiation emitted by the lamps 10.

In the embodiment of the method according to the iven-
tion described 1in connection with FIG. 4, selentum from the
selentum layer 19 1s made available as chalcogen for the
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conversion of the metallic precursor layer 18 into the CIGS
compound semiconductor layer 20. Instead of or 1n addition
to this, 1n another variant embodiment of the method accord-
ing to the mvention, a chalcogen, 1n particular selentum, can
be made available for the conversion via a selenium vapour
teed 22 into the furnace chamber 1. Via this selenium vapour
teed 22, for example, selenium in vapour form can be 1ntro-
duced by means of a carrier gas into the furnace chamber 1.

FIG. 5 shows the time-temperature profile of coating and
substrate 1n a further embodiment of the method according to
the invention. In this one, again, a layer containing copper and
gallium as well as an indium layer 1s sputtered onto a glass
substrate provided with a molybdenum back contact and a
selentum layer 1s deposited by means of APPVD. The heating
ol the substrate and the coating takes place, not 1n a continu-
ous furnace, but 1n a conventional furnace under a nitrogen
protective gas atmosphere at approximately atmospheric
ambient pressure. As can be deduced from FIG. 5, the sub-
strate and 1ts coating are firstly heated, with a temperature
increase ol about 6° C./s, to a temperature of about 500° C.,
betore the substrate 1s brought, at a heating-up rate of about 1°
C./s, to a final temperature of 700° C. and 1s kept at this
temperature value for about 30 s. There then follows a cooling,
of the substrate. A temperature of 640° C. 1s selected as
activation barrier temperature Tg. So the process time tp, as
represented 1n FIG. §, 1s about 450 s, and the activation time
tg about 140 s.

FIGS. 6 to 8 illustrate the fact that the method according to
the invention enables a more homogeneous gallium distribu-
tion 1n the compound semiconductor layer produced and that
temperature influences homogeneity. FIG. 6 shows a snap-
shot of a substrate provided with a coating during the method
according to the invention before reaching the activation bar-
rier temperature. In this moment, similarly to CIGS com-
pound semiconductor layers produced according to the state
of the art, there 1s a gallium-rich and indium-poor CIGS layer
30 close to the substrate, and/or the back contact arranged on
the substrate 6 and not illustrated. Above this 1s a compara-
tively gallium-poor CIGS layer 32, which correspondingly
contains more indium.

FIG. 7 shows the result of an X-ray diffraction measure-
ment according to Bragg-Brentano on a layer structure simi-
lar to that shown 1n FIG. 6. The 220/204-retlection of the
chalcopyrite structure 1s visible. The peak with a maximum at
about 44.5° results from diffracting the X-rays on the gal-
lium-poor CIGS layer 32. On the right flank of this peak can
be seen the superposition with a second, significantly weaker
signal, which results from diffracting the X-rays on the gal-
lium-rich CIGS layer 30. This 1s due to the fact that a higher
gallium proportion 1n a CIGS alloy leads to a smaller lattice
constant and hence to a greater diffraction angle. The inten-
sity of the radiation diffracted on the galllum-rich CIGS layer
30 1s reduced, because of the lesser layer thickness, indicated
schematically in FIG. 6, of the gallium-rich CIGS layer 30
and because of X-ray absorption effects 1n the thicker gal-
lium-poor CIGS layer 32, by comparison with the intensity of
the peak of the gallium-poor CIGS layer 32.

Corresponding X-ray diffraction measurements on a sub-
strate treated according to the embodiment from FIG. 5 were
conducted at various points 1n time during the process, which
in FIG. 5 are characterised by, the substrate and coating
temperature prevailing at the respective point 1n time. The
results of these X-ray diffraction measurements are repro-
duced 1n FI1G. 8, where the graphs of the individual measure-
ments are vertically displaced from each other for the purpose
ol easier comparability.
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The peaks with maxima at about 40.4° represent a 110-
reflection of the molybdenum of the back contact arranged on
the substrate. As can be seen from FIG. 8, this reflection does
not undergo any substantial modification during the thermal
treatment.

The graph reflecting the measurement results on attaining
a substrate and/or coating temperature of 515° C. has a peak
with a maximum at about 44°. This corresponds to the 220/
224-reflection of copper indium selenide or a very gallium-
poor CIGS layer, where the transitions are fluid. The corre-
sponding peak of the graph belonging to a substrate and/or
coating temperature of 600° C. already reveals on 1ts right
flank a superimposed, further peak, representing the 220/204-
reflection of a gallium-rich CIGS layer, as has already been
discussed 1n connection with FIGS. 6 and 7. The compound
semiconductor layer thus consists, at the time of measure-
ment of the 600° C. graph, of a very galllum-poor CIGS layer
(peak at approx. 44°) and a CIGS layer with a high proportion
of gallium.

At a temperature ol 640° C. the superimposed further peak
1s more strongly marked and has shifted towards smaller
angles, the peak at about 44° appears weaker. This indicates
an exchange of indium from the galllum-poor CIGS layer
with gallium from the galllum-rich CIGS layer. Furthermore,
the peak at approx. 44° begins to shift towards larger angles,
which indicates that gallium 1s diffused on the upper side of
the gallium-poor CIGS layer, which has a positive effect on
open circuit voltage and elliciency of a solar module and/or a
solar cell produced. The shift trends described stand out even
more clearly in the graph belonging to a substrate- and coat-
ing temperature of 6830° C.

FI1G. 8 thus 1llustrates that in the embodiment examined, by
keeping the coating at or above an activation barrier tempera-
ture ol 640° C. for a certain time, a CIGS compound semi-
conductor layer with significantly improved homogeneity
over the thickness of the compound semiconductor layer can
be manufactured. As already explained above, further inves-
tigations have revealed that, depending on how the method 1s
carried out, even activation barrier temperatures of 600° C.
can lead to an improved homogeneity of the compound semi-
conductor layers manufactured.

FIG. 9 illustrates, with the aid of the time-temperature
profile of the coating, 1n a simplified schematic view, a further
embodiment of the method according to the invention, which
can, for example, be carried out with the continuous furnace
shown 1n FIG. 4 using the lamps 10 arranged 1n the continu-
ous furnace 24. It 1s therefore described by way of example,
making reference to the illustration 1n FIG. 4.

In this embodiment, a float glass substrate 6 provided with
a molybdenum back contact and coated with a metallic pre-
cursor layer 18 and also an APPVD-selenium layer 19 1is
introduced via the loading openings 2, 14 1nto the first seg-
ment S1 of the furnace chamber 1, where 1t 1s heated, together
with the coating composed of metallic precursor layer 18 and
selenium layer 19, to 150° C. It 1s next moved on to segment
S2 where, together with coating 18, 19, 20, it 1s heated to a
temperature of about 500° C., before being placed in segment
S3. Once the coating attains a temperature of 350° C. 1n
segment S2, the duration of the process time commences.
Substrate 6 and coating 18, 19, 20 are firstly heated together
in segment S3 to a temperature of 550° C. Until this point, the
temperature profiles of substrate 6 and coating 18, 19, 20 are
essentially identical. Next, however, the coating 20 (the con-
version of the metallic precursor layer 18 and the selentum
layer 19 has largely already taken place 1n the meantime) 1s
heated by means of the lamps 10, as indicated in FIG. 9, more
intensely than the substrate 6 and as a result 1s kept at higher
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temperatures during a boost period tb than the substrate 6. As
a result of the more intense heating by the lamps 10, the

coating 20 attains a maximum temperature of about 650° C.
and thereby, exceeds the activation barrier temperature of
640° C. used 1n this embodiment. Consequently, the coating
20 1s kept at higher temperatures throughout the entire acti-
vation time tg than the substrate. The boost period tb in the
embodiment i FIG. 9 1s longer than the activation time tg.

The boost period tb 1s selected to be comparatively brief,
preferably 15 s. During this time, the glass substrate 1s unable
to follow the temperature increase of the coating and remains
at a safe temperature for the glass substrate 6 of under 580° C.
The coating cools down again correspondingly quickly after
switching ofl the lamps 10, to 550° C. Both substrate 6 and
coating 20 are then transported into segments S4 to S6, where
they are successively cooled down; 1n segment S4 to about
450° C., 1n segment SS to about 350° C. and 1n segment S6,
finally, to about 200° C. As dwell time 1n each of the segments
S1, S2, S3, S84, S5, S6, for example, 120 s may be provided.

In order to enable a homogeneous 1llumination of the coat-
ing 20 by means of the lamps 10, the transport device 7 of the
continuous furnace 24, as described above, 1s designed to set
the substrate, at least 1n segment S3, 1n reverse movements,
for example 1n oscillation, 1n order to ensure a homogeneous
i1llumination of the coating by means of the lamps 10.

The lamps 10 can 1n principle also be arranged at a location
other than 1 segment S3, for example between individual
segments. The coating could be 1lluminated 1n this way while
the substrate 1s being transported from one segment to the
next. Furthermore, a combination of lamps 10 arranged in
segment S3, or 1n other segments, and lamps arranged
between adjacent segments 1s also possible.

In another variant embodiment of the method according to
the 1invention, the substrate 1s arranged on a thermally inert
carrier, 1.e. a carrier with relatively great thermal mass, 1n
order to keep the substrate and the coating at different tem-
peratures. To this end, as shown schematically in FI1G. 10, the
substrate 6 1s arranged 88 on a thermally mert carrier material,
in this case a graphite plate 26. Because of the resulting
thermal coupling between substrate 6 and graphite plate 26,
the substrate 6 1s less able to follow any heating ofthe coating,
or even heats up only with a delay. This can be exploited to
heat the coating 18, 19, 20 to higher temperatures, and/or to
keep 1t at higher temperatures, than the substrate 6. The
arrangement 88 described of the substrate 6 on a thermally
inert carrier, in particular a graphite plate 26, can take place as
an alternative or 1 addition to the described heating of the
coating by means of lamps. In particular, the substrate 6 can

run through the continuous furnace 24 on the graphite plate 26
from FIG. 4.

LIST OF R
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ERENCE NUMBERS

1 furnace chamber

2 loading opening,

3 discharge opening

4 gas curtain

5 gas curtain

6 substrate with molybdenum backside contact
7 transport device

7a oscillation device

8 heating installation

9 cooling installation

10 lamp 1n quartz tube
11 glass ceramic plate

12 exhaust gas channel
13 stainless steel housing
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14 loading opening

15 discharge opening,

16 extraction channel

17 flushing gas inlet

18 metallic precursor layer

19 selenium layer

20 CIGS compound semiconductor layer

22 selentum vapour feed

23 space

24 continuous furnace

25a oxygen sensor

25b hydrogen selenide sensor

26 graphite plate

30 gallium-rich CIGS layer

32 gallium-poor CIGS layer

80 sputtering on of metallic precursor layer

82 APPVD-selenium deposition

84 heating and keeping coating at temperature and conversion
into compound semiconductor layer

86 keeping coating at activation barrier temperature

88 arranging substrate on graphite plate

S1 first segment of the continuous furnace

S2 second segment of the continuous furnace

S3 third segment of the continuous furnace

S4 fourth segment of the continuous furnace

S5 fifth segment of the continuous furnace

S6 sixth segment of the continuous furnace

Tg activation barrier temperature

tg activation time

tp process time

tb boost period

The invention claimed 1s:

1. A device for producing a I-11I-VI compound semicon-
ductor layer, the device comprising:

a furnace chamber; a transport device for transporting sub-

strates through said furnace chamber;

at least one first heating installation for heating said fur-

nace chamber;

at least one second heating installation for selective heating

of at least part of a system introduced into said furnace
chamber, the system containing a substrate and a coating,
disposed on the substrate, said second heating installa-
tion having at least one lamp for 1irradiating the at least
part of the system; and

reversing device for reversing the substrates while they are

being heated by means of said at least one lamp.

2. The device according to claim 1, further comprising a
housing encasing said furnace chamber, said housing provid-
ing a protective gas atmosphere to said furnace chamber for
limiting a presence of oxygen.

3. The device according to claim 1, wherein said at least
one second heating installation 1s one of a plurality of second
heating installations.

4. The device according to claim 3, wherein said at least
one second heating installation further contains a pane,
wherein said at least one lamp 1s disposed behind said pane
which homogenizes radiation emitted by said at least one
lamp.

5. The device according to claim 1, wherein the device 1s
coniigured as a continuous furnace having said furnace cham-
ber being divided into several segments, whereby different
temperatures can be developed 1n said different segments and
whereby said several segments are thermally msulated from
cach other.

6. The device according to claim 5, wherein said at least
one second heating installation 1s one of a plurality of second
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heating 1nstallations and at least one of said second heating,
installations 1s disposed within one of said segments of said
continuous furnace.

7. The device according to claim 5, wherein said at least
one second heating installation 1s one of a plurality of second
heating 1nstallations and at least one of said second heating
installations 1s disposed between two consecutive ones of said
segments of said continuous furnace.

8. The device according to claim 1, further comprising:

a housing encasing said furnace chamber and a space 1s

formed between said furnace chamber and said housing;
at least one flushing gas inlet supported by said housing;
and

at least one extraction channel supported by said housing.

9. The device according to claim 4, wherein said pane 1s
selected from the group consisting of a glass ceramic pane
and a quartz glass pane.

10. The device according to claim 8, wherein said housing
1s a stainless steel housing.

11. The device according to claim 1, wherein said reversing
device 1s an oscillation device.

12. The device according to claim 3, wherein said one
second heating installation has a holder and said at least one
lamp 1s disposed 1n said holder which 1s transparent for light
emitted by said lamp, and 1s configured as a quartz tube.
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